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Abstract 
Methanosarcina acetivorans strain C2A is a marine methanogenic archaeon notable for its 
substrate utilization, genetic tractability, and novel energy conservation mechanisms. To help 
probe the implications of this organism’s unique metabolism, we have constructed and manually 
curated a genome-scale metabolic model, iMB744, accounting for 744 of the 4540 predicted  
protein coding genes (16%) in the M. acetivorans genome. The reconstruction effort has 
identified key knowledge gaps and differences in the peripheral metabolism and central 
metabolism between methanogenic species. Using flux balance analysis, the model quantitatively 
predicts wild type phenotypes and is 96% accurate in knockout lethality predictions compared to 
currently available experimental data.  Flux balance analysis was used to probe the mechanisms 
and energetics of byproduct formation and growth on carbon monoxide, and the nature of the 
reaction catalyzed by the soluble heterodisulfide reductase HdrABC in M. acetivorans. This 
work highlights the great utility of constraint-based modeling for identifying feasible solutions to 
biological questions and provides insights into the workings of the cell at the genome scale. 
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Introduction 
Methanogenic archaea are unique in their ability to grow on low energy substrates such as acetic 
acid by splitting them into methane and other byproducts. Methanogens are a critical part of the 
global carbon cycle, consuming byproducts of other natural bioprocesses that would otherwise 
be recalcitrant in sulfate poor, anaerobic environments (11). They also play an important role in 
global warming, since methane is a greenhouse gas twenty times as potent as carbon dioxide (44) 
and methanogenesis is the primary mechanism for methane emission into the atmosphere (1). 
 
Methanosarcina is the only known genus of methanogens with members that can utilize all of the 
known methanogenic pathways (acetoclastic, methylotrophic, hydrogenotrophic, and methyl 
reduction) (82). This metabolic diversity makes these species relatively permissive to metabolic 
and genetic manipulations compared to other methanogens. To help capitalize on this, the 
genomes of three Methanosarcina species have been sequenced (14, 19, 39). In addition, genetic 
manipulation tools have been developed for several of these species, including directed 
mutagenesis and constitutive promoters in Methanosarcina acetivorans (2, 34, 85, 87). 
 
The constraint-based reconstruction and analysis (COBRA) strategy is a powerful paradigm for 
consolidating large amounts of metabolic knowledge and synthesizing that knowledge into 
quantitative phenotypic predictions (48, 55). To perform constraint-based analysis, it is necessary 
to reconstruct the metabolic network from the bottom up, beginning with a sequenced and 
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annotated genome and ending with a network of reactions and reaction-gene associations. Many 
metabolic reconstructions have been curated by hand and used to make useful predictions such as 
identification of putative drug targets and the design of novel strains for enhanced biofuel 
production (48, 77).  
 
In recent years, there have been strong advances towards automating much of the reconstruction 
process (29), which are needed to continue the exponential increase in the number of genome-
scale metabolic models (45, 48). However, for study of methanogens, automated reconstructions 
are problematic, because their predictions tend to be overly homogenized and incomplete for 
organisms with highly specialized metabolism. Methanogens are well known for their unusual 
metabolic capabilities, which are in part derived from their unique ecological niche (13). 
Automatically predicted networks are also dependent on the completeness of reaction databases, 
which is more limited for archaea than it is for other domains of life. Hence, manual curation is 
necessary to obtain reliable predictions from metabolic models of these organisms. 
 
M. acetivorans is notable for its substrate utilization. Unlike most other methanogens, it can 
grow and produce methane using methylated substrates, carbon monoxide or acetate, but it 
cannot grow with hydrogen as its primary energy source (66).  Also unlike most methanogens, 
M. acetivorans is genetically tractable. Therefore, this organism offers opportunities to learn 
about novel energy conservation mechanisms. An independent reconstruction for M. acetivorans 
strain C2A has recently been reported (63). However, the previously reported reconstruction was 
primarily curated using an automated curation pipeline including the GapFind, GapFill, and 
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GrowMatch algorithms (33, 62). As a result, the published reconstruction maintains many of the 
disadvantages of other automated reconstructions mentioned previously. We present iMB744, a 
quantitative, genome-scale metabolic model of M. acetivorans resulting from a more literature-
centric approach to model curation, as detailed in published protocols (77). As many literature 
sources as possible were integrated to generate a highly accurate list of metabolic reactions. 
Using constraint-based modeling, we have predicted growth phenotypes and probed possible 
hypotheses for the workings of incompletely understood parts of the M. acetivorans metabolic 
network. The analysis thus represents a successful application of the hypothesis-driven modeling 
approach. 
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Materials and Methods 
Model Reconstruction 
 
An initial list of potential reaction-gene associations in Methanosarcina acetivorans str. C2A was 
generated based on a union of data in the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(32), MetaCyc (12), the Model SEED reconstruction (29), the Transport Protein Analysis 
Database (TransportDB) (58), and UniProt (76). Reactions from the existing Methanosarcina 
barkeri str. Fusaro reconstruction (16) and the BiGG database (65) were added if there was 
sufficient evidence for their inclusion, based on sequence homology and/or literature-based 
curation, or to fill gaps in the annotation. Some gene suggestions from EFICAZ, which includes 
evidence from other bioinformatics tools like PFAM, were also incorporated (3). Gene 
associations were verified whenever possible using bidirectional BLASTP against archaeal 
protein products with experimentally verified functions (10). In case of conflicts, metabolic 
functions suggested from literature were chosen over those suggested in the databases, and 
inconsistent reactions were removed from the model. 
 
Logical gene protein relationships (GPR) were constructed manually based on literature or 
database evidence. For example, genes annotated or characterized to be separate subunits of a 
complex were given an "AND" relationship. If there was no evidence of a protein complex 
catalyzing a reaction with multiple genes, the genes were all assigned an OR relationship. 
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All intracellular and transport reactions were computationally mass and charge balanced at a pH 
of 7 based on charges and formulas computed with ACD/Labs software (Version 12; Advanced 
Chemistry Development, Inc.). Charges and formulas are available in appendix B. 
 
Construction of the Biomass Reaction 
 
The biomass reaction is a sink on essential cell components that represents the consumption of 
molecular building blocks (such as amino acids and nucleotides) required for cell division.  The 
biomass reaction for Methanosarcina acetivorans str. C2A was modified from the closest relative 
for which a biomass reaction had previously been built, Methanosarcina barkeri str. Fusaro (16). 
This biomass objective function was first expanded by incorporating more detailed carbohydrate 
data from M. barkeri (31) and adding methanofuran-B to the list of required cofactors (41) . 
Then, coefficients for lipids were modified based on available data on the unique lipid 
composition of M. acetivorans (69). Nucleotide and amino acid coefficients specific to M. 
acetivorans were calculated based the published genome sequence according to established 
procedures (77). The coefficients of trace elements were assumed to be the same as those in the 
M. barkeri biomass equation.  
 
Growth-associated maintenance was included in the biomass equation and was set to 65 
mmol/gDW, similar to the M. barkeri and E. coli FBA models (15, 16), to account for energy 
costs for growth (such as production of macromolecules from biomass components). See 
appendix B for a listing of biomass components and ratios. 
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Flux Balance Analysis (FBA) 
 
Exponential growth phenotypes were predicted using flux balance analysis (FBA), which has 
been previously reviewed (52). All reactions in the model were represented in a stoichiometric 
matrix, S, in which each column represented a reaction and each row a metabolite. Hence, the 
entry (i,j) of S  contained the stoichiometric coefficient of metabolite i in reaction j. 
 
If metabolite concentrations are assumed to be constant (steady state), conservation of mass 
requires that: 
Sv = 0 
where v is the vector of reaction fluxes (reaction rates). Because there were more reactions than 
metabolites in the model, multiple possible flux distributions were possible that all satisfied the 
mass balance. 
 
Reaction fluxes were also constrained by setting minimum and maximum fluxes. In the current 
study, the reversibility of each reaction was determined based on literature, database evidence, 
and thermodynamic calculations.  The flux through reversible reactions was unconstrained, 
while that of irreversible reactions was set to have a vmin=0. Substrate uptake rates were set to 
experimentally measured values for purposes of simulations (see Appendix C for values and 
references). The reaction rate through the ATP maintenance reaction (ATPM) was set to 2.5 
mmol/gDW/hr to account for upkeep energy costs. This value is somewhat lower than the 
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experimental value of 8.39 mmol/gDW/hr used in the current E. coli model, but it is close to that 
in the published M. barkeri model (16). Experimental data in Methanosarcina mazei suggests 
that it is a low value (57), which could be a reflection of its dependence on low-energy substrates 
for growth. 
 
Under the assumption that the cell seeks to maximize its growth potential, the specific growth 
rate was predicted by maximizing the flux through the biomass reaction subject to the 
aforementioned constraints: 
Max vbiomass 
Subject to: 
Sv = 0 
 vmin < v < vmax 
Reaction fluxes were predicted in mmol/gDW/hr, and growth rates were predicted in hr-1. FBA 
problems were solved using the COBRA toolbox in MATLAB (4) linked to the GLPK linear 
program solver. 
 
Defined high salt (HS) media without vitamin supplement was used for all simulations. The 
media composition is listed in appendix B and was defined from Sowers et al. (67). 
 
Knockout lethality studies 
 
To perform knockout lethality studies, every gene except those knocked out was assigned a 
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Boolean value of 1 (TRUE), and knocked out genes were assigned a value of 0 (FALSE). The 
Boolean gene protein relationships were evaluated for every reaction, and reactions with a GPR 
evaluating to FALSE were removed from the model.  After modifying the network in this way, 
FBA to make a growth-no growth decision (growth was defined as a predicted vbiomass>10-5 hr-1). 
Lethality predictions were compared to published gene knockout phenotype data (see Appendix 
C for references). For substrates with an unknown uptake rate (such as monomethylamine), the 
uptake rate was assumed to be 15 mmol/gDW/hr, similar to the calculated rate for growth on 
methanol (73), for purposes of FBA simulations. 
 
Calculation of Potential ATP Yield 
 
To calculate potential ATP yield during growth on CO, a linear programming problem identical 
to flux balance analysis was solved, but the flux through the non-growth associated maintenance 
(ATPM) reaction was maximized instead of the biomass equation. To force flux through a 
particular pathway, reactions involved with other ATP-generating pathways were constrained to 
have zero flux. For example, to calculate the ATP yield for acetogenesis, the HDR reaction 
involved in methanogenesis was constrained to have zero flux. The potential ATP yield was 
calculated by dividing the maximum flux through the ATP maintenance reaction by the CO 
uptake rate. 
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Results 
Model Reconstruction 
 
The metabolic network of Methanosarcina acetivorans was curated and validated as described in 
the methods and in Figure 1. After curation, the reconstruction has become a valuable knowledge 
base for the metabolism of this organism. In addition to reactions included in the model, 
reactions that were specifically excluded from the model due to literature or modeling evidence 
were also recorded. Complete lists of reactions included and gene-protein relationships can be 
found in Appendix B. 
 
The metabolic network of M. acetivorans consists mostly of reactions required for synthesis of 
amino acids, nucleotides, and cofactors (Figure 1D). This was not surprising given relatively low 
nutritional requirements of this organism. There are still significant gaps in the knowledge of 
these pathways. For example, no homologues to currently known IMP dehydrogenase genes 
could be found in the genome of M. acetivorans, but the reaction catalyzed by this enzyme is 
predicted to be essential for nucleic acid synthesis. We have identified a number of other 
metabolic gaps that serve as potential targets for future experimentation (see Appendix A). 
 
M. acetivorans is the second organism within the genus Methanosarcina to have a curated 
genome-scale metabolic model, after M. barkeri (16). Many of the differences between the 
published metabolic model of M. barkeri and the presented model of M. acetivorans are due to 
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new literature sources for novel metabolic paths unique to the archaea. For example, the 
published model of M. barkeri included the pentose phosphate pathway for synthesis of five-
carbon sugars. However, the genes encoding for ribulose-5-phosphate 3-epimerase, 
transaldolase, and the two transketolase reactions in that pathway are apparently absent in many 
methanogens, including M. barkeri and M. acetivorans. Recently, an alternative pathway for 
synthesis of ribulose-5-phosphate was characterized in Methanocaldococcus jannaschii (25). The 
genes involved in that pathway had strong homology to genes in M. acetivorans. Therefore, the 
reactions in the pentose phosphate pathway were excluded from the metabolic model of M. 
acetivorans, and the new pathway was added to the model. 
 
The M. acetivorans metabolic model accounts for key differences in methanogenesis pathways 
between M. acetivorans and M. barkeri (Figure 1B). These differences account for much of the 
variation in growth and secretion rates observed between these two species. Most notably, unlike 
M. barkeri, M. acetivorans cannot grow on H2 and CO2 and grows on CO using a completely 
different pathway that involves secretion of acetate, methylsulfides and formate (50, 60). M. 
acetivorans is also able to grow on dimethylsulfide, whereas M. barkeri can only perform 
methanogenesis from that substrate (74). The published model includes pathways to perform all 
of these functions. 
 
The reconstructed network includes pathways for synthesizing most of the cofactors unique to 
methanogens (the exception is methanophenazine, which to the authors’ knowledge has no 
proposed synthesis pathway in any organism). The coenzyme M, methanopterin, and F420 
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biosynthesis pathways in M. acetivorans all appear to diverge from the pathways identified in 
Methanocaldococcus, based on the lack of sequence identity with biochemically verified gene 
products in that organism (Figure 2). For example, the gene responsible for synthesis of (S)-2-
hydroxyglutaric acid in the M. jannaschii methanopterin biosynthesis pathway (MJ_1425) has no 
identity with any genes in M. acetivorans. An alternative pathway for coenzyme M synthesis has 
already been characterized in M. acetivorans and is included in the present model (21). Since no 
alternative pathways have yet been proposed for methanopterin or F420 synthesis, the pathways 
from Methanocaldococcus were tentatively included and are likely targets for future model 
updates. 
 
F420 Regeneration during Growth on Carbon Monoxide 
 
Both M. acetivorans and M. barkeri grow on carbon monoxide by oxidizing it to CO2 and 
subsequently reducing CO2 to methane (17). In methanogens, the reduction of carbon dioxide to 
methane requires oxidation of two equivalents of coenzyme F420.  Therefore, to simulate growth 
on carbon monoxide, it was necessary to include a feasible mechanism for re-reducing coenzyme 
F420. In CO-grown M. barkeri, reduced F420 is probably regenerated by generation of molecular 
hydrogen via the reverse action of Ech hydrogenase, followed by hydrogenation of oxidized F420 
via the F420-reducing hydrogenase, Frh (43, 47). Ech hydrogenase is not present in the M. 
acetivorans genome, and although an frh operon is present, it does not encode a functional 
enzyme (26). The mechanism for F420 regeneration in M. acetivorans remains unknown (17), but 
since M. acetivorans is viable on CO, such a mechanism must exist. 
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The current model postulates that F420 is regenerated by the combined action of F420 
dehydrogenase (Fpo) and the Rnf complex (Figure 3A). In the proposed pathway, Rnf would 
reduce methanophenazine with ferredoxin, and subsequently, Fpo would run in reverse to reduce 
F420. This hypothesis is consistent with the high levels of Fpo protein and transcript measured 
during growth on CO (35). The net generation of a proton gradient during regeneration of F420 (1 
H+/F420 regenerated) is reasonable since M. barkeri also generates a proton gradient during F420 
regeneration through the action of Ech (83). Reverse action of Fpo has not been observed 
experimentally, but it is thermodynamically feasible in an environment containing excesses of 
oxidized F420 and reduced methanophenazine. 
 
As an alternative hypothesis, we also tried to implement a F420-ferredoxin oxioreductase reaction 
for the purposes of regenerating coenzyme F420 during growth on CO (7). In the presence of such 
a reaction, growth on CO was successfully predicted (data not shown). However, the presence of 
such a reaction was predicted to make a ∆rnf mutant viable on acetate, contrary to experimental 
evidence (18). According to the model, a ∆rnf mutant growing on acetate could survive with a 
lower growth rate by reducing coenzyme F420 with the putative oxioreductase and then 
conserving energy with Fpo and heterodisulfide reductase (Hdr). In reality, this alternative path 
might not produce enough ATP to make the cell viable on acetate, since Fpo probably does not 
pump as many proton equivalents across the cell membrane as Rnf. The wild type ATP yield 
during growth on acetate is only about 1 ATP/acetate (5). 
 
13 
 
Byproduct Formation Mechanisms and Energetics during Growth on CO 
 
M. acetivorans produces acetate, formate, methane, and methylsulfides as byproducts when 
grown on carbon monoxide (in addition to CO2)  (50, 60).  It is known that M. acetivorans 
produces acetate through the action of phosphoacetyltransferase (Pta) and acetate kinase (Ack) 
(60), but the mechanisms of formate and methylsulfide production are less clear. To probe the 
energetics of byproduct formation, it was necessary to hypothesize likely mechanisms for how 
they are produced. 
 
It is currently unknown how or why M. acetivorans generates formate during growth on CO. 
One possibility is that it is produced as a byproduct of carbon monoxide dehydrogenase during 
growth on CO to prevent toxic CO accumulation in the cell (50, 61).  The CO dehydrogenase 
enzyme from Rhodospirillum rubrum has been shown to create formate as a byproduct, and 
formate may formed by a similar mechanism in M. acetivorans (30, 61), although the 
physiological substrate for the reaction is still unknown. In order to investigate formate 
production, the following reaction was tentatively included in the model: 
CODH3_SIDERXN: CO + H2O → FORMATE + H+ 
This reaction implies that formate production does not yield ATP. 
 
Methylsulfides are only produced in small amounts during growth on CO (50). Therefore, it is 
unlikely that the path to produce them is a major source of ATP for the cell. The recently-
characterized Mts enzymes may be partly responsible for production of dimethylsulfide in M. 
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acetivorans, although due to the very low ratio of dimethylsulfide production rate to the 
transcription level of these enzymes, the in vivo function of these enzymes remains unclear (49). 
Due to the similar structure of sulfide (HS-) and coenzyme M (C2H5O3S2), it is reasonable to 
hypothesize that methylsulfide (CH4S) is formed from a reaction of Mtr. Under this hypothesis, 
the following reaction was added to the model for production of methylsulfide: 
MSS: MH4SPT + HS- + H+ + 2 Na+ → CH4S + H4SPT + 2 Na+(e) 
Here, H4SPT is tetrahydrosarcinopterin and MH4SPT is its methylated version.  
 
Under optimal growth conditions, flux balance analysis predicted that only methane would be 
produced. To investigate the cause of this prediction, the ATP potential was calculated for 
production of each byproduct per mole of CO consumed, as described in the methods. The ATP 
yield from methanogenesis (0.56 ATP/CO) was calculated to be significantly higher than that for 
acetogenesis (0.38 ATP/CO), methylsulfide production (0.33 ATP/CO), or formate generation (0 
ATP/CO), which explains why FBA predicts only methanogenesis. It does not explain why all of 
these byproducts are produced or why acetogenesis is mandatory for growth on CO – these 
questions are explored in following sections. 
 
Regulation of CO Levels in the M. acetivorans Cell 
 
M. acetivorans encodes at least two complete carbon monoxide dehydrogenase (CODH) 
operons, and their relative expression during growth on CO may depend on the concentration of 
CO in the media (61). Since formate production may be a result of a side reaction of CODH, it is 
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tempting to speculate that the level of carbon monoxide in the cell is regulated by the balance of 
the levels of these proteins, one of which produces formate as a byproduct and one which does 
not. Flux balance analysis predicts that if the proposed mechanism for formate production is 
correct, reducing the flux through the primary reaction catalyzed by CODH leads to production 
of formate (Figure 3C). This indicates that such a balance could be a feasible mechanism for 
controlling CO toxicity in the cell. 
 
Analysis of Acetogenesis during Growth on CO 
 
The sodium-pumping methyltransferrase Mtr catalyzes the reversible transfer of methyl from 
methyl-tetrahydrosarcinopterin to methyl-Coenzyme M. Although this reaction is typically 
considered an essential part of the methanogenesis pathway, it is strongly down-regulated during 
growth on CO compared to other substrates (61). The observation of methanogenesis from CO 
despite the diminutive role of Mtr has inspired the hypothesized existence of a Mtr "bypass" 
reaction that performs the same reaction but does not generate a sodium gradient (17). Such a 
reaction could help balance the increased ATP potential with Mtr with a possible greater kinetic 
capacity without the sodium pump, hence permitting tolerance to a greater range of 
environmental CO concentrations (17). To test the effects of the bypass reaction on metabolism, 
the bypass was added to the network. Subsequently, flux balance analysis was used to predict 
whether acetogenesis would occur in a ∆mtr strain during growth on CO. Only methanogenesis 
was predicted in the ∆mtr strain, because the theoretical ATP yield of methanogenesis in a ∆mtr 
strain was still predicted to be higher than that of acetogenesis (0.44 ATP/CO and 0.38 ATP/CO, 
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respectively). Therefore, even without Mtr, methanogenesis is more energetically favorable than 
acetogenesis. 
 
It is unclear if inhibition of methanogenesis is the true cause of acetogenesis in M. acetivorans 
during growth on CO. Physiological evidence exists both supporting (60) and refuting (50) this 
hypothesis. If methanogenesis is indeed inhibited, it is unknown which reactions are inhibited. 
To probe possible causes of acetogenesis in M. acetivorans, flux balance analysis was used to 
predict acetate secretion rates after individually limiting each reaction’s rate to within 80% of the 
wild type flux. The inhibition of certain methanogenic reactions (catalyzed by Hdr, Mcr, and 
Mrp) or the membrane-bound ATP synthase was predicted to lead to significant levels of acetate 
secretion (> 0.1 mmol/gDW/hr). However, inhibition of purine synthesis could also lead to 
acetogenesis (Figure 3B). This remained true at different levels of inhibition as well (data not 
shown). The identification of this potential explanation for acetogenesis during growth on CO 
highlights the power of a systems approach for generating hypotheses, which could be tested 
using genetic manipulations. A study based solely on the methanogenesis pathways would be less 
likely to identify this possibility. 
 
Comparison of Predicted Growth Phenotypes to Experimental Data 
 
Flux balance analysis was used to predict growth phenotypes for wild type strains of 
Methanosarcina acetivorans growing on acetate, methanol, and carbon monoxide, the three 
substrates for which growth and substrate uptake data are available (60, 68, 73). Predicted 
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growth rates were highly dependent on substrate uptake rates, which varied up to 100% 
depending on the data set used to perform the calculation (see Appendix C). It was possible to 
pick uptake rates within the experimentally feasible ranges for each substrate that matched the 
observed growth rates and growth yields within 20% (Table 1).  
 
The rate of methanogenesis was predicted to be much lower during growth on methanol 
compared to experiment, which was partly because the predicted growth rate was lower than the 
experimentally determined values. However, the ratios of products are consistent with 
experimental data. When maximizing ATP yield during growth on methanol, the predicted ratio 
of methane to CO2 produced was exactly 3:1, as would be expected to balance redox potentials 
in the cell (7). However, when optimizing for growth, the actual ratio of methane to CO2 secreted 
was predicted in the model to be 3.8:1, because the carbon dioxide-fixing activity of carbon 
monoxide dehydrogenase/acetyl CoA synthase reduced the net secretion of carbon dioxide. 
 
Comparison of knockout lethality predictions to available data indicates that the model correctly 
predicts the growth/no growth phenotypes of 60/63 knockout mutants correctly (Table 2). All of 
the incorrect predictions were cases in which genes were experimentally shown to be lethal but 
predicted to be nonlethal. A ∆mch knockout strain was predicted to be viable on acetate, but this 
knockout is known to be lethal on that substrate (27). The mch gene is essential due to the need 
for M. acetivorans to reduce F420 for use in anabolic reactions such as the F420-dependent 
glutamate synthase (56). However, another mechanism for reducing F420 is necessary for growth 
on CO, and flux balance analysis predicts that such a mechanism could also be used to reduce 
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F420 during growth on acetate, therefore making mch nonessential. Further study is needed to 
resolve the tension between these experimental observations. 
 
Two of the incorrect lethality predictions involved acetogenesis during growth on carbon 
monoxide. The genes encoding Pta and Ack are essential for growth on CO (60), presumably 
because without acetogenesis, the ATP generation capabilities are insufficient for growth. Flux 
balance analysis incorrectly predicts that a ∆pta∆ack mutant inhibited in methanogenesis can still 
grow by producing methylsulfides. The predicted pathway has a potential ATP yield of 0.33 
ATP/CO. It is possible that the production of methylsulfides does not actually result in 
generation of a sodium gradient. In this case the ATP yield would only be 0.17 ATP/CO, 
insufficient to overcome the ATP maintenance requirement. It is also possible that the 
hypothesized mechanism is correct but kinetically limited. Only small quantities of 
methylsulfides are produced during growth on CO, despite the high level of mts genes 
presumably responsible for their production on that substrate (49). 
 
Knockout lethality data enabled the exclusion of certain reactions whose genes had sequence 
similarity with genes in other organisms, but which catalyzed reactions that were inconsistent 
with physiological data in M. acetivorans itself. For example, M. acetivorans uses Ack and Pta 
to activate acetate to acetyl-CoA during acetoclastic methanogenesis, and cannot grow on acetate 
without the encoding genes (60). However, the M. acetivorans genome also encodes genes 
(MA3168 and MA3602) with high sequence identity to a complex in Methanocaldococcus 
jannaschii that catalyzes an alternative pathway for activating acetate (46). Including this 
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reaction would make Pta and Ack nonessential for growth on acetate. On this basis, the genes 
involved with the alternative pathway were assumed to be nonfunctional, and the reactions in the 
alternative pathway were excluded from the model. 
 
Exploration of an Alternate Heterodisulfide Reductase (hdrABC) on Methanol 
 
HdrABC is a soluble heterodisulfide reductase typically found in methanogens without 
cytochromes (70). Most methanogens with cytochromes, including Methanosarcina species, use 
a membrane-bound heterodisulfide reductase HdrDE instead of the soluble HdrABC to couple 
methanogenesis to ATP production (75). Therefore, the discovery that M. acetivorans encodes 
and uses both types of heterodisulfide reductase during growth on methyltrophic substrates was a 
surprise (7). Since the HdrABC complex is not a sodium or proton pump, it is unclear if the 
activity of this complex is coupled to ATP synthesis in M. acetivorans.  
 
In Methanothermobacter marburgensis, a methanogen without cytochromes, HdrABC is coupled 
to ATP synthesis through its interaction with the MvhADG hydrogenase complex (70). The 
HdrABC/MvhADG complex in M. marburgensis uses an electron bifurcation mechanism, in 
which the electrons from two equivalents of molecular hydrogen are donated to ferredoxin and to 
the heterodisulfide (70). The reduced ferredoxin can then be used to generate ATP. M. 
acetivorans lacks the genes encoding the MvhADG complex, so it is likely that the HdrABC 
complex in that organism has a separate function. It has been suggested that M. acetivorans 
HdrABC may also use an electron bifurcation mechanism, splitting the electrons of two fully-
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reduced ferredoxins between heterodisulfide and coenzyme F420 (7). Alternatively, the HdrABC 
may simply reduce heterodisulfide with ferredoxin, acting as a sink for excess ferredoxin 
produced during oxidation of methanol to CO2. 
 
To test the electron bifurcation hypothesis in a genome-scale context, the phenotype of M. 
acetivorans was simulated with and without electron bifurcation in HdrABC. Two additional 
constraints were necessary to obtain reasonable predictions. Reactions catalyzed by Pta and Ack 
were disabled to prevent acetate secretion, which has not been observed during growth on 
methanol (36), and the flux through pyruvate-acetyl CoA oxioreductase was set to be equal to the 
wild-type value to prevent secretion of formate and other unobserved byproducts during growth 
on methanol (68). In the presence of Rnf, the simulations did not predict utilization of HdrABC 
regardless of mechanism. However, a ∆rnf mutant was predicted to utilize HdrABC to oxidize 
ferredoxin. The mutant was predicted to grow 35% slower than the wild type without bifurcation 
and 20% slower with bifurcation (Figure 4B). A ∆rnf mutant actually grows about 25% slower on 
methanol than the wild type (William Metcalf, unpublished data), so within experimental error it 
is difficult to tell which mechanism is correct. Further experiments could help elucidate the true 
mechanism.  
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Discussion 
 
We have built and manually curated a computable genome-scale model of metabolism in M. 
acetivorans, only the third methanogen species to be reconstructed (after M. barkeri (16) and M. 
jannaschii (78)) and the second in the genus Methanosarcina. We have used flux balance 
analysis to probe incompletely understood pathways for ATP generation and product formation 
using carbon monoxide as a substrate. The simulations lend support to the hypothesis that the 
generation of both acetate and formate could come about as a result of the inhibitory effects of 
carbon monoxide in the cell. In particular, acetogenesis could be favored kinetically due to the 
relatively low potential of methanogenesis or purine synthesis under CO inhibition, while 
formate generation could result from regulation the relative transcription levels of multiple 
carbon monoxide dehydrogenase isozymes present in the cell. Therefore, flux balance analysis 
was useful to probe the effects of both metabolic and regulatory constraints on the metabolic 
network. 
 
Flux balance analysis has also proven useful for testing alternate hypotheses in our study of the 
soluble heterodisulfide reductase. The possibility of electron bifurcation as a more likely 
mechanism for action of this enzyme opens up many interesting experimental questions, such as 
how the complex could have evolved to use different substrates in M. acetivorans than it does in 
M. marburgensis, a distantly related methanogen, or whether the HdrABC complex in M. 
acetivorans interacts with other metabolic complexes in the methanogenic pathways in a similar 
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way that M. marburgensis interacts with Mvh (70). Much work remains to be done to answer 
these questions and identify for sure whether the bifurcation mechanism is at work or not. 
 
The reconstruction endeavor has led to significant insight resulting from the combination of data 
in numerous studies in the literature. It has also identified the presence and impact of gaps in the 
knowledge of this organism, helping to focus the continued experimental efforts towards 
understanding metabolism in this species. Due to the incomplete knowledge of this organism, the 
metabolic reconstruction necessarily involved several assumptions, such as the mechanism of 
regeneration for coenzyme F420 on CO, which may prove to be incorrect. As experimental data 
continues become available, the model will be continuously compared against experiment and 
provide novel hypothesis in an iterative process that lies at the heart of systems biology. 
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Figures and Tables 
 
Figure 1. Overview of the reconstruction process for Methanosarcina acetivorans str. C2A. (A): 
Possible reactions and gene associations were pulled from the existing reconstruction of 
Methanosarcina barkeri str. Fusaro, a closely related methanogen, and several online databases, 
including Metacyc, BIGG, KEGG, the SEED, and Uniprot. (B): Reactions were added and 
removed based on a thorough literature review covering 289 of the reactions in the model. 
Shown are some key differences in energy conservation reactions between M. acetivorans and 
M. barkeri. (C) Growth was simulated using flux balance analysis, which seeks the physically 
realizable flux distribution that would yield the highest growth rate. (D) The final reconstruction 
contained reactions related to synthesis of essential biomass components, cell wall components, 
and methanogenesis, among others. 
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Figure 2. Apparent divergence of Methanopterin (A), Riboflavin/Coenzyme F420 (B), and 
Coenzyme M (C) synthesis between M. acetivorans and other archaea. Metabolites are shown in 
circles with the ID given in the model (see supplemental material for complete names). Genes 
shown in parenthesis are biochemically verified, while the MA genes not in parentheses are the 
predicted M. acetivorans gene homologues, if any are present. Solid arrows ( ) represent 
reactions with gene association in M. acetivorans, partially broken arrows ( ) represent 
reactions biochemical evidence in other archaea (not in M. acetivorans) and no known gene 
association, and dotted arrows ( ) represent reactions with verified gene associations in 
another organism, but no homologous genes are present in M. acetivorans. MA: M. acetivorans; 
MJ: Methanocaldococcus jannaschii; AF: Archaeoglobus fulgidus.  
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Figure 3. Analysis of growth of M. acetivorans on carbon monoxide. (A) Regeneration of 
coenzyme F420 during growth on carbon monoxide for both M. barkeri (left) and proposed 
pathway for M. acetivorans (right).  cdh: Carbon monoxide dehydrogenase;  ech: ech 
hydrogenase; f420-2: Oxidized coenzyme F420; f420-2h2: Reduced coenzyme F420; fdox/fdred: 
oxidized and reduced ferredoxin; fpo: F420 dehydrogenase; frh: F420-reducing hydrogenase; 
mphen/mphenh2: oxidized and reduced methanophenazine; mrp: Multiple resistance protein 
(Na+/H+ pump); rnf: Rhodobacter nitrogen fixation complex. (B) Inhibition of a range of 
reactions leads to predictions of acetogenesis during growth on CO, including reactions in late 
methanogenesis and reactions involved in purine biosynthesis. Reactions IDs are shown (with 
gene names in parenthesis if available) that led to greater than 0.01 mmol/gDW/hr production of 
acetate after being restricted to <80% of the optimal flux. (C) Flux balance analysis predicts that 
limitation of CO dehydrogenase activity leads to formate production. 
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Figure 4: (A) Hypothesized bifurcation mechanism of the soluble heterodisulfide reductase 
HdrABC during growth on methylotrophic substrates in M. acetivorans. (B) Flux balance 
analysis predicts that HdrABC is not used when Rnf is available, but a ∆rnf mutant is predicted 
to carry flux through HdrABC. The growth rate for the ∆rnf was predicted to be about 20% less 
than wild type with bifurcation and 35% less without. 
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Table 1: Growth and secretion rates and yields of M. acetivorans on methanol, acetate, and 
carbon monoxide using experimentally feasible uptake rates (60, 68, 73). For simulations on CO, 
no additional constraints to Hdr or Cdh were assigned. All measured values are averaged across 
literature sources.  
  Growth (hr-1) Growth yield (gDW/mmol) CH4 rate (mmol/gDW/hr) 
Substrate Measured Measured Predicted Measured Predicted Measured Predicted 
Acetate 7 0.023 0.021 2.4 3.0 4.9 6.6 
Methanol 20 0.098 0.086 5.2 4 22 13.3 
CO 11.6 0.029 0.030 2.5 2.6 0.4 2.3 
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Table 2: Knockout lethality predictions from FBA (L = lethal and N = nonlethal) and agreement 
with experimental results. (C): correct prediction; [X]: incorrect prediction. No marking means 
no experimental data is available for that knockout under those conditions. AC: acetate; DMA: 
dimethylamine; DMS: dimethylsulfide; MeOH: Methanol; MMA: monomethylamine; TMA: 
trimethylamine. See supplemental material for knockout data references. 
Genotype AC CO DMA DMS MeOH MMA TMA 
∆ack∆pta L (C) N [X] N N N (C) N N 
∆atpDCIXBEFAG N (C) N N N N (C) N (C) N 
∆cooS1F N N (C) N N N N N 
∆cooS2 N N (C) N N N N N 
∆hdrABC N (C) N (C) N N N (C) N N 
∆hdrED L (C) N L L L (C) L L (C) 
∆mch N [X] L L L L (C) L L 
∆mtaA1 N (C) N N (C) N L (C) N (C) N (C) 
∆mtaB1C1∆mtaB2C2∆mtaB3C3 N (C) N N (C) N L (C) N (C) N (C) 
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 N [X] N N (C) N L (C) N (C) N (C) 
∆mtbA N (C) N L (C) N N (C) L (C) N (C) 
∆mtsD∆mtsF∆mtsH N (C) N (C) N L (C) N (C) N N (C) 
∆mtsX∆mtsY, X and Y two mts genes N (C) N (C) N N (C) N (C) N N (C) 
∆rnfXCDGEABY L (C) L N (C) N (C) N (C) N (C)  N (C) 
∆lysK N N N (C) N N (C) N (C) N (C) 
∆lysS N N N (C) N N (C) N (C)  N (C) 
∆mtr L (C) N L L L (C) L L (C) 
TOTAL CORRECT 11/13 5/6 7/7 3/3 15/15 8/8 11/11 
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Appendix A. Analysis of Model Gaps 
Like any metabolic reconstruction, the presented reconstruction of Methanosarcina acetivorans 
contains gaps in the genome annotation due to an incomplete knowledge about its metabolism. 
Many of the pathways in the Bacteria domain differ from those in the Archaea, and much 
progress has been made illuminating those differences. However, as this supplemental shows, 
there is clearly more work to be done to completely understand metabolism in the Archaea, and 
particularly in M. acetivorans. 
 
Presented here is a list of gaps in central metabolism of M. acetivorans as of the time of 
publication. The metabolites are all given the ID found in the metabolic model.  Some of the 
pathways described here have other biochemical evidence such as carbon labeling, but the 
evidence was described in other organisms and no genes have been identified to carry out the 
proposed functions. Other pathways or reactions have known genes in other organisms but they 
have no significant sequence homology with any genes in M. acetivorans. 
 
The genome of Methanosarcina acetivorans contains over 1000 ORFs annotated as hypothetical 
proteins. It is our hope that this list will be useful for assigning functions to some of them and 
furthering the general knowledge of archaeal metabolic functions. 
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Figure Key 
 
The key to the figures in this section is shown in table A.1 below. If a gene product in another 
organism has been verified to perform the reaction, the gene locus is shown in parenthesis (e.g. 
(MJ_0001) ). Any genes in M. acetivorans predicted to perform the same reaction are shown 
adjacent (no M. acetivorans gene is shown if there was no sequence similarity with the verified 
genes). 
 
Table A.1. Key to model gap figures. 
Color Pattern Meaning 
Red 
 
Genetic evidence suggests the genes needed to perform the reaction 
are not present in M. acetivorans. 
Blue 
 
No genes associated with the reaction are known, but there is 
evidence aside from genetic evidence for the pathway's existence in 
other organisms 
Green 
 
At least one gene associated with the reaction is predicted or known 
to be present in M. acetivorans 
 
4-aminobenzoate Biosynthesis 
 
4-aminobenzoate (4abz) is an intermediate required for synthesis of both folates and 
tetrahydromethanopterin according to the proposed pathways for each. Methanosarcina barkeri 
has to be supplemented with this compound to grow, but M. acetivorans does not. This could be 
because M. acetivorans does not require folates, while M. barkeri does (9). It could also be due 
to the ability of M. acetivorans but not M. barkeri to synthesize 4abz de novo. 
The genes for the canonical pathway for 4abz synthesis in E. coli are apparently missing in 
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Methanosarcina. However, an alternative pathway has been proposed in Methanococcus 
maripalidus (which also lacks the canonical pathway) based on carbon labeling (54). No genes in 
this proposed pathway have been identified yet, so it is unknown if the pathway could exist in M. 
acetivorans. It has been added based on the lack of need to uptake 4abz from the medium. 
 
 
Figure A.1. Synthesis pathway for 4-aminobenzoic acid included in the M. acetivorans metabolic 
model. 
 
Biotin Biosynthesis 
 
Unlike in Methanocaldococcus jannaschii, none of the genes in the canonical pathway for biotin 
synthesis appear to be present in M. acetivorans. Except for the first reaction, suggested in a 
review by Robert White (84), the reactions listed here are all from KEGG. Note that many 
archaea do not possess these genes, and it has been suggested that M. jannaschii acquired them 
by lateral gene transfer from the bacteria (72). 
 
Only the biotin synthase has (weak) homology with a M. acetivorans gene, and that gene has 
been suggested to have a role in pyrrolysine synthesis rather than biotin synthesis (38). It is 
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unknown if M. acetivorans actually synthesizes biotin - the pathway has been included under the 
assumption that it does. 
 
Figure A.2. Synthesis pathway for biotin included in the M. acetivorans metabolic model. 
 
Coenzyme A Biosynthesis 
The canonical pathway for coenzyme A biosynthesis is different in the archaea than in the 
bacterial domain. Some work has already been done to unravel the pathway in the archaea 
(MM2281 and TK1686 encode novel archaeal reactions) (86). However, if M. acetivorans can 
synthesize (R)-pantothenate de novo, the pathway for doing so remains unknown, for the 
canonical genes for both of the known pathways seem to be missing (one pathway shown). The 
gene responsible for catalyzing the final step in the synthesis is also unknown. 
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Figure A.3. Synthesis pathway for coenzyme A included in the M. acetivorans metabolic model. 
 
Coenzyme F390 Metabolism 
Coenzyme F390 is a derivative of Coenzyme F420 that appears to function in a redox-sensing 
mechanism in methanogenic archaea (80). The coenzyme F390 synthetase has been characterized 
in M. thermoautotrophicum str. Marburg and has a strong homologue in M. acetivorans (79). 
However, although the Coenzyme F390 hydrolase enzyme has been purified (80), the gene 
encoding this enzyme is still unknown. 
 
Figure A.4. Synthesis and degradation pathway for coenzyme F390 included in the M. acetivorans 
metabolic model. 
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Coenzyme F420 and Riboflavin Biosynthesis 
Both the canonical beginning of the pathway for riboflavin synthesis and the alternate pathway 
characterized in M. jannaschii (24) appear to be missing in M. acetivorans, based on lack of 
homology with characterized genes. The third step has a characterized gene in M. jannaschii and 
is homologous to a gene in M. acetivorans (E ~ 1E-40), and the fourth step has no known gene. 
 
Figure A.5. The initial reactions involved in the synthesis pathways for coenzyme F420 and 
riboflavin included in the M. acetivorans metabolic model. 
 
Coenzyme F430 Biosynthesis 
Coenzyme F430 is a nickel-containing coenzyme essential in some of the energy-conserving steps 
in methanogenesis (53). Coenzyme F430 synthesis has been studied relatively little compared to 
pathways for synthesis of the other methanogenic cofactors, but a potential pathway has been 
proposed for its synthesis from dihydrosirohydrochlorin in five steps (53). No genes were 
identified. The exact chemical structure of most of the intermediates is unknown except for 
15,173-seco-F430-173-acid (sf430a), which was identified in Methanobrevibacter arboriphilus 
(53). 
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It has been suggested that genes annotated as magnesium chelatases may in fact be nickel 
chelatases involved in this pathway (81). This is especially possible since the heme synthesis 
pathway in the Methanosarcina is likely to be different from the canonical pathway (see "Heme 
biosynthesis"), and therefore Protoporphyrin IX, the usual precursor for magnesium chelatase, 
would not necessarily be synthesized. 
 
Figure A.6. Pathway for synthesis of coenzyme F430 included in the M. acetivorans metabolic 
model. 
 
Coenzyme M Biosynthesis 
Coenzyme M is one of the methyl carriers in the methanogenesis pathway. A coenzyme M 
synthesis pathway has been identified in Methanocaldococcus jannaschii, and the genes in the 
first part of the pathway have been characterized (20, 22, 23). The first part of this pathway 
seems to be missing from the Methanosarcina, and indeed, an alternative pathway has been 
characterized in M. acetivorans, and the genes involved have been identified (21). However, the 
genes responsible for the last steps in the pathway have not yet been identified. The main text 
displays the pathway as it exists in M. jannaschii. The pathways in M. jannaschii and in M. 
acetivorans are shown below. 
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Figure A.7. Comparison of the coenzyme M biosynthesis pathway in Methanocaldococcus 
jannaschii and in Methanosarcina acetivorans. Only the M. acetivorans pathway was included in 
the metabolic model. 
 
Folate and Methanopterin Biosynthesis 
Most of the steps in folate and methanopterin biosynthesis have no characterized genes in the 
archaea. As discussed in the main text, even some of the genes that have been identified for these 
functions in M. jannaschii have no homologues in Methanosarcina. It is not clear how 
Methanosarcina synthesizes folates, but it is known that Methanosarcina barkeri possesses 
enzymes that depend on tetrahydrofolate for activity (9), and the same is assumed true of M. 
acetivorans. Therefore, there are likely novel enzymes and possibly a novel pathway to be 
discovered in this genus. 
 
49 
 
Most of the genes in the pathway have no gene association so it is difficult to tell the extent of 
the possible differences between the Methanocaldococcus and Methanosarcina synthesis 
pathways. However, even from those genes that are known, there are clear differences. The 
central part of the pathway seems to be the same but the initial synthesis and the addition of the 
hydroxyglutarate moiety to methanopterin apparently differ from the mechanisms in 
Methanocaldococcus. An alternate reaction for synthesis of dihydroneopterin (dhnpt) was 
suggested from KEGG, but the precursor metabolite for this reaction (ahdt) has no clear synthesis 
pathway in M. acetivorans, so this path seems more unlikely than that from 
Methanocaldococcus. It has been shown for completeness. 
 
Previous work has suggested that there may be two pathways for synthesis of methanopterin in 
M. barkeri, one of which does not depend on synthesis of 4-aminobenzoate (4abz). However, the 
genetic evidence indicates that even if M. acetivorans has multiple synthesis pathways, they may 
both be different from that found in M. jannaschii. The nature of the differences between the 
pathways will become clearer as more genes in the pathway are identified and characterized. 
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Figure A.8. Synthesis pathways for folate and methanopterin included in the M. acetivorans 
metabolic model. 
 
Heme Biosynthesis 
Since Methanosarcina is a genus of methanogens with cytochromes (28), it must have a way to 
synthesize heme.  Many genes in the later part of the canonical protoheme synthesis pathway 
(from uroporphyrinogen III to protoheme) are missing. The one gene that KEGG suggests to be 
present in M. acetivorans (HemG) would encode a reaction requiring oxygen for function, 
although M. acetivorans is strictly anaerobic. Therefore, it is highly likely an alternative pathway 
exists for synthesis of heme in Methanosarcina and other cytochrome-containing methanogens. 
Although it is not fully characterized, an alternate pathway for heme (protoheme) synthesis has 
been suggested and partially characterized in Methanosarcina barkeri. The alternate pathway 
branches from precorrin 2 and involves SAM proteins (8). The only characterized genes which 
may be involved in the pathway are already annotated for their correct functions (71). Two 
different starts to the pathway have been suggested. In one possible pathway, precorrin-2 is 
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oxidized to sirohydrochlorin with PC2-DH and then proceeds to protoheme by an unknown set 
of reactions (71). In another, precorrin 2 is decarboxylated and synthesis of protoheme proceeds 
from there (8). The latter pathway is shown below. 
 
Figure A.9. Protoheme biosynthesis pathway included in the M. acetivorans metabolic model. 
 
Lysine Biosynthesis 
There are at least four known pathways for de novo lysine synthesis (37). The  known genes 
involved in the pathways from thdp to 26dap-M appear to be missing in M. acetivorans. It has 
recently been reported that M. jannaschii utilizes the DapL pathway for lysine synthesis (37). 
One of the genes in this pathway has strong homology to a M. acetivorans gene, but one of them 
has no genes with significant sequence identity. 
 
Figure A.10. Lysine biosynthesis pathway included in the M. acetivorans metabolic model. 
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Methanofuran Biosynthesis 
The methanofuran biosynthesis pathway, as reported in metacyc, was incorporated in the model 
with no genetic evidence, except for the reaction TYRCBOX. The gene responsible for that 
reaction was characterized in M. jannaschii and has a strong sequence homology with M. 
acetivorans gene MA0006. The remainder are hypothetical reactions based on chemical 
identification of some of the intermediates in M. jannaschii (84).  
 
Note that M. barkeri (and probably M. acetivorans) uses methanofuran (b), while Methanococci 
use methanofuran (a). According to the difference in these structures, M. acetivorans probably 
does not need to synthesize hexane-1,3,4,6-tetracarboxylate as an intermediate in methanofuran 
synthesis. Instead, it appears that the final steps would be the addition of two additional 
glutamate residues to 4-[N-gamma-L-glutamyl-gamma-L-glutamyl-)-p-(ß-aminoethyl)phenoxy-
methyl]-2-(aminomethyl)furan . 
 
Figure A.11. The biosynthesis pathway for methanofuran(b) included in the M. acetivorans 
metabolic model. 
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Methanophenazine Biosynthesis 
Unlike the other methanogenic cofactors, the authors are not aware of any proposed pathways for 
synthesis of methanophenazine in any organisms, including M. acetivorans. Even though 
quinones have not been found in methanogens, there are 14 genes annotated for functions in 
ubiquinone synthesis in M. acetivorans. On the other hand, M. jannaschii, which does not use 
methanophenazine in its methanogenic pathways, contains no genes annotated for ubiquinone 
synthesis functions (KEGG predicts three through clustering analysis, but none of them agrees 
with the annotation). It is possible that some of these genes in M. acetivorans are involved in the 
synthesis of methanophenazine, which performs a similar function to quinones in that organism. 
Phenazines are synthesized as antibiotics in many Bacteria and some genes are known (42), but 
no sequence homology was identified (with the exception of phzF, MA3532). Biochemical 
experimentation will be necessary to identify the genes and pathways actually involved. 
 
Purine Synthesis 
 
Although most of the genes for synthesis of purines are present, two critical enzymes seem to be 
missing in Methanosarcina: IMP dehydrogenase, and GMP kinase. Both of these enzymes are 
predicted to be present in Methanocaldococcus based on sequence homology. They have been 
included in the model because they perform critical functions in nucleic acid synthesis. 
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Figure A.12. Biosynthesis pathways for guanosine and adenosine triphosphates included in the 
M. acetivorans metabolic model. 
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Appendix B. Model Details 
This appendix contains lists of metabolites (Table B.1.), reactions (Table B.2.), media 
components used to perform FBA simulations (Table B.3.), and the complete composition of the 
biomass equation used as an objective function in FBA simulations (Table B.4.). 
Table B.1. List of metabolites in the M. acetivorans metabolic model.  
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Table B.2. List of reactions and gene associations (GPR) in the M. acetivorans metabolic model. 
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Table B.3. Minimal (High Salt) media used for FBA simulations of the M. acetivorans model. 
Required and optional refer to whether the component is predicted to be essential based on FBA 
simulations. 
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Table B.4. Biomass objective function used in the M. acetivorans model. The “Overall” 
component was the actual function that was maximized – the individual components of the 
overall biomass reaction were further broken down into synthesized subunits shown in the other 
rows of the table. 
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Appendix C. Experimental Validation Data 
This Appendix lists the experimental data cited in the Main Text that was used to validate the 
model, along with the references for such data. 
Table C.1. Growth and secretion rate data and references.  
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Table C.2. Gene knockout lethality data used to validate the model, with references. “Genes in 
model”: YES means the genes are included with at least one reaction in the model (the reactions 
associated with the appropriate gene(s) are shown in parenthesis). 
Table C.2. (continued). 

	& 
'
 (
' '	 )

∆ack∆pta YES (ACKr, PTAr) 1 5 
*
∆ack∆pta YES (ACKr, PTAr)   5 
*
∆ack∆pta YES (ACKr, PTAr) 6 H 
*
∆atpDCIXBEFAG YES (Naabc) 6 H 
*'
∆atpDCIXBEFAG YES (Naabc) 61 H 
*'
∆atpDCIXBEFAG YES (Naabc) 1 H 
*'
∆cooS1F YES (CODH2)   H 
*	
∆cooS2 YES (CODH2)   H 
*	
∆hdrABC YES (HDR-2) 6 H 

∆hdrABC YES (HDR-2) 61 H 

∆hdrABC YES (HDR-2) 1 H 

∆hdrED YES (HDR) 1 5 

∆hdrED YES (HDR) 6 5 

∆hdrED YES (HDR) 61 5 

∆mch YES (MTSPC) 1 5 

∆mch YES (MTSPC) 6 5 

∆mch::ech+ NO (ECH not in WT) 6  5 

∆mch::ech+ NO (ECH not in WT) 6 QQ  H 

∆mtaA1 YES (TMAMT, MCMMT) 6 5 
*
∆mtaA1 YES (TMAMT, MCMMT) 1 H 
*
∆mtaA1 YES (TMAMT, MCMMT) 661 H 
*
∆mtaA1 YES (TMAMT, MCMMT) &61 H 
*
∆mtaA1 YES (TMAMT, MCMMT) 61 H 
*
∆mtaA2 NO 6 H 
*
∆mtaA2 NO 1 H 
*
∆mtaA2 NO 661 H 
*
∆mtaA2 NO &61 H 
*
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Table C.2. (continued). 

	& 
'
 (
' '	 )

∆mtaA2 NO 61 H 
*
∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 6 5 
*
∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 1 H 
*
∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 661 H 
*
∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) &61 H 
*
∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 61 H 
*
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 6 5 
*
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 661 H 
*
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) &61 H 
*
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 61 H 
*
∆mtaA1∆mtaB1C1∆mtaB2C2∆mtaB3C3 YES (MCMMC) 1 5 
*
∆mtbA YES (MMAMT, DMAMT, TMAMT) 1 H 
*
∆mtbA YES (MMAMT, DMAMT, TMAMT) 61 H 
*
∆mtbA YES (MMAMT, DMAMT, TMAMT) 6 H 
*
∆mtbA YES (MMAMT, DMAMT, TMAMT) &61 5 
*
∆mtbA YES (MMAMT, DMAMT, TMAMT) 661 5 
*
∆mtsD∆mtsF∆mtsH YES (MTCMMT) 61 H 
'.
∆mtsD∆mtsF∆mtsH YES (MTCMMT) 6 H 
'.
∆mtsD∆mtsF∆mtsH YES (MTCMMT) 1 H 
'.
∆mtsD∆mtsF∆mtsH YES (MTCMMT)   H 
'.
∆mtsX∆mtsY, X and Y any two mts 
genes YES (MTCMMT) &6/ H 
'.
∆mtsD∆mtsF∆mtsH YES (MTCMMT) &6/ 5 
'.
∆rnfXCDGEABY YES (RNF) 1 5 
	+
∆rnfXCDGEABY YES (RNF) 6 H 

∆rnfXCDGEABY YES (RNF) &6/ H 

∆rnfXCDGEABY YES (RNF) 661 H 

∆rnfXCDGEABY YES (RNF) &61 H 

∆rnfXCDGEABY YES (RNF) 61 H 

∆lysK YES (LYSTRS) 6 H 
'
∆lysK YES (LYSTRS) 61 H 
'
∆lysK YES (LYSTRS) &61 H 
'
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Table C.2. (continued). 

	& 
'
 (
' '	 )

∆lysK YES (LYSTRS) 661 H 
'
∆lysS YES (LYSTRS) 6 H 
'
∆lysS YES (LYSTRS) 61 H 
'
∆lysS YES (LYSTRS) &61 H 
'
∆lysS YES (LYSTRS) 661 H 
'
∆mtr YES (MTSPCMMT) 1 5 
(.
∆mtr YES (MTSPCMMT) 6 5 
(.
∆mtr YES (MTSPCMMT) 61 5 
(.
 
